Objective: To examine the associations of the actinin alpha 3 gene (ACTN3) R577X polymorphism with physical performance and frailty in an older Chinese population. Methods: Data from 1,463 individuals (57.8% female) aged 70-87 years from the Rugao Longevity and Ageing Study were used. The associations between R577X and timed 5-m walk, grip strength, timed Up and Go test, and frailty index (FI) based on deficits of 23 laboratory tests (FI-Lab) were examined. Analysis of variance and linear regression models were used to evaluate the genetic effects of ACTN3 R577X on physical performance and FI-Lab. Results: The XX and RX genotypes of the ACTN3 R557X polymorphism accounted for 17.1 and 46.9%, respectively. Multivariate regression analysis revealed that in men aged 70-79 years, the ACTN3 577X allele was significantly associated with physical performance (5-m walk time, regression coefficient (β) = 0.258, P = 0.006; grip strength, β = −1.062, P = 0.012; Up and Go test time β = 0.368, P = 0.019). In women aged 70-79 years, a significant association between the ACTN3 577X allele and the FI-Lab score was observed, with a regression coefficient of β = 0.019 (P = 0.003). These findings suggest an age-and gender-specific X-additive model of R577X for 5-m walk time, grip strength, Up and Go Test time, and FI-Lab score. Conclusion: The ACTN3 577X allele is associated with an age-and sex-specific decrease in physical performance and an increase in frailty in an older population.
Introduction
Human heritability studies have indicated that muscle function phenotypes (i.e. muscle strength, stride time, tandem walk) are highly heritable [1, 2] , and a number of genetic loci have been reported to be associated with physical performance phenotypes [3] . R577X of the ACTN3 gene is the most studied polymorphism [4] . The ACTN3 gene encodes α-actinin-3, an actinin-binding protein that binds to a number of structural, metabolic and signalling proteins [5] and is specifically expressed in only fast-twitch skeletal muscle fibres [6] . A common polymorphism in the ACTN3 gene is the R577X (rs1815739) variant, with the minor allele, X, resulting in a stop codon that is present in approximately 16% of the population. Homozygosity for the null allele (577XX) results in loss-of-function and an absence of the α-actinin-3 protein [7] . The ACTN3 R577X variant is the most studied genetic polymorphism in elite athletes [8] [9] [10] . The evidence to date suggests that the R577X genotype influences sprint performance but not endurance performance [11] . The R577X genotype was also reported to be associated with the muscle phenotype response to training in adolescents and adults [12, 13] .
In the older population, some evidence of associations was found between ACTN3 R577X and physical performance (i.e. 400 min walk time [14] , chair-to-stand performance [15] , knee extensor peak power response to strength training [16] ), with mixed results for specific traits [17] . In light of the differences in sample size, methods of measurement, and ethnicity among these studies, more evidence is needed to assess the effects of R577X on the physical performance of aging populations [11] .
Frailty, another function-related heritable phenotype [18] , is defined as a state of vulnerability characterised by loss of physiologic reserve due to the functional decline of multiple physiological systems [19] and is associated with a higher risk of disability, hospitalisation, and mortality among older adults [20, 21] . To date, there is no universally accepted definition of frailty. Several models, including the phenotype model [20] and the cumulative deficit model [22] , have been proposed to identify and measure it. The frailty index (FI) approach is a widely used way to operationalise frailty using different dimensions of accumulated deficits in different organ systems summarised in a single variable. Unlike these clinically detectable health deficit measurements (FI-clin), recently, an FI-Lab constructed by a large number of routinely collected laboratory blood tests (e.g. blood cell counts, albumin) and physical measures (blood pressure) was found to identify older adults at increased risk of death [23] [24] [25] [26] , institutionalisation, doctor visits, medication use and self-reported health [24] . FI-Lab, which precedes clinically evident health deficits, reflects a range of general subclinical deficits that originate at the molecular or (sub)cellular level and eventually scale up to visible macroscopic organ dysfunction.
Based on the aforementioned rationale, in the present study, we aim to examine the genetic effect of the R577X polymorphism on physical performance in a Chinese older population. In addition, we also address the relationship between R577X and frailty, as measured by the FI-Lab score, which allows some insight into the general health of an individual preceding clinically evident health deficits [20, 27] .
Methods

Study design and participants
We used data from the second Wave of the aging arm of the Rugao Longevity and Ageing Study (RuLAS), a population-based observational two-arm cohort study conducted in Rugao, Jiangsu province, China. As described elsewhere [28] , 1,788 older adults aged 70-84 were recruited at baseline in Nov-Dec of 2014 from 31 rural communities of Jiang'an Township, Rugao city, in light of sex and 5-year age strata. From April 2016 to June 2016, the second Wave examination of the aging arm was conducted, excluding 297 subjects who did not participate (55 died, 242 did not attend or were hospitalised to due disease) and including an additional 333 subjects recruited for cohort attrition; in total, 1,824 participants formed the second-wave cohort. This study consisted of 1,463 individuals with complete information on DNA samples and physical phenotypes. Informed consent was obtained from all subjects in this study. The Human Ethics Committee of Fudan University School of Life Sciences approved the research. Written consent was obtained from all participants prior to participation.
Grip strength
To evaluate upper-extremity muscle strength, grip strength was assessed using a Hand Grip Dynamometer (Shanghai Wanqing Rlrctron Co. Ltd., Shanghai, China). Three attempts were requested from all subjects to attain the highest possible rating with the left and right hands, respectively.
The timed 'Up and Go' test
The timed 'Up and Go' (TUG) test measures, in seconds, the time taken by an individual to stand up from a standard arm chair (approximate seat height of 46 cm), walk a distance of 3 m, turn, walk back to the chair and sit down again.
The timed 5-m walk test
A walking distance of 5 m was performed by each subject to measure gait speed.
Frailty measures
We constructed a frailty index containing 23 variables based on 20 routine laboratory blood tests plus body mass index and measured systolic and diastolic blood pressure (FI-Lab). As reported in previous studies [23] [24] [25] [26] , all the variables were coded according to the normal reference intervals; '0' indicates that values are within the normal range, and '1' was defined as a deficit that indicates any values outside of normal reference range (See Additional file 1: Appendix Table 1 ). An FI-Lab score was calculated only if more than 80% of variables were available for each individual. For each individual, the FI-Lab score was calculated as the number of deficits divided by the total number of tests. FI-Lab scores were analysed as a continuous variable, and a higher FI-Lab score indicates higher frailty.
Genotyping
Genomic DNA was isolated from EDTA-anticoagulated whole blood using standard methods (Puregene DNA Extraction kit, Gentra Systems, Minneapolis, MN). All subjects were genotyped for the ACTN3 R577X (rs1815739) polymorphism using TaqMan assays (Thermo Fisher Scientific). The total PCR volume of 10 μl included 10 ng genomic DNA, 5 μl TaqMan Universal Master Mix (Applied Biosystems), 0.2 μl TaqMan SNP Genotyping Assay Mix, and 2.5 μl RNase. Cycling conditions included 1 cycle of 95°C for 10 min, 40 cycles at 95°C for 15 s and 60°C for 60 s. Negative controls were included to avoid DNA cross-contamination. The resulting fluorescence from the real-time PCR reaction was measured in real-time using an ABI 7900HT system, and the alleles were scored using Sequence Detection Software (Thermo Fisher Scientific). In addition to the quality control samples included in each batch by the laboratory, blinded quality control samples were included to monitor the reproducibility of the genotyping assays. The concordance of duplicate samples was >99%.
Covariates
The following socio-demographic characteristics were included in this study: height (m), weight (kg), age (70 ≤ age ≤ 79, 80 ≤ age ≤ 87 years), gender (male, female), occupation (farmer, other), marital status (currently married, other (never married, divorced, separated or widowed)) and education (illiterate, literate (≥1 year of education)). The following lifestyle factors were included in this study: smoking habits (never smoked, current or former smoker), drinking habits (never drank, current or former drinker). Perceived self-reported mental health was assessed using the following question asked of the participant: 'in general, compared with other people of the same age, would you say that your mental health is excellent, very good, good, fair or poor?'. It was used as a categorical variable, distinguishing between good (excellent, very good or good, as the reference group) and poor (fair or poor).
Statistical analysis
Characteristics were presented as the mean ± standard deviation (SD) or the percentage. Student's t-test or analysis of variance (ANOVA) was used for continuous variables, and the Chi-square test was used for categorical variables. Deviation from Hardy-Weinberg equilibrium for the genetic variants of the R577X polymorphism was tested by the chi-squared test. Values were considered statistically significant when P < 0.05, and all the P-values were two-sided.
Interaction analysis between the R577X polymorphism and age and gender on physical function phenotypes and frailty was conducted using a general linear model and further by stratification analysis. To estimate the associations of the genetic variants with physical phenotypes, a regression coefficient was derived from linear regression models in SPSS, version 19.0 (SPSS Inc., Chicago, IL, USA). Variables representing socio-demographic characteristics, lifestyle factors and mental health status were added before the adjusted model.
Results
For the studied Chinese population, the genotype distribution of the ACTN3 R557X polymorphisms was 527 (36%) RR genotype, 686 (47%) RX genotype and 250 (17%) XX genotype. The genotype frequencies met the expectations of Hardy-Weinberg equilibrium. Significant differences were observed between men and women in grip strength, 5-m walk time, and Up and Go time ( Table 1) .
Characteristics of the 1,463 participants including age and ACTN3 genotype are shown in Appendix Table 2 . The levels of FI-Lab increased with the number of 557X alleles (P = 0.003). Significant interactions between age (70-79 years vs. 80-87 years) and the ACTN3 577X genotype were found in association with 5-m walk time, grip strength and Up and Go time for males (P = 0.012, 0.028 and 0.004, respectively) and with FI-Lab for females (P < 0.001). aged 70-79 years (Table 2 ). In addition, the FI-Lab score increased with the number of 557X alleles (P = 0.004) among women aged 70-79 years. However, the aforementioned associations were not observed in participants aged 80-87 years.
As shown in Table 3 , multivariate regression analysis revealed that the ACTN3 577X polymorphism was significantly associated with physical performance (5-m walk time, regression coefficient (β) = 0.258, P = 0.006; grip strength, β = −1.062, P = 0.012; Up and Go test time, β = 0.368, P = 0.019) in men aged 70 to 79 years. These findings suggested an X-additive model for 5-m walk time, grip strength and Up and Go time in men aged 70-79 years. In addition, in women aged 70-79 years, a significant association between the ACTN3 577X polymorphism and FI-Lab score was observed, with a regression coefficient of (β) = 0.019, (P = 0.003) (Table 3) . However, no significant association was observed between the ACTN3 R577X genotype and 5-m walk time, grip strength, Up and Go time or FILab score in participants aged 80-87 years (Table 3) .
Discussion
This study, to our knowledge, is the first to examine the relationship between the ACTN3 R577X polymorphism and physical performance in an older Chinese population. We found a gender-and age-specific X-additive model of R577X for 5-m walk time, grip strength and Up and Go Test time. In addition, for the first time, we report an association between ACTN3 R577X and FI-Lab score in older women aged 70-79 years.
The male-specific functional declines in physical performance traits with the 557X allele observed in the present study were previously reported in other older populations. In the Health, Aging and Body Composition Study cohort, older male X-homozygotes, instead of females, had a significantly greater adjusted 5-year increase in their 400-m walk time compared to R allele carriers [14] . From another perspective, older adult female 557XX Americans, instead of males, had a significantly higher absolute knee extensor peak power than non-557X carriers in response to strength training [16] . In an aged Japanese population, the test performance on another physical phenotype indicator, the chair stand test, was significantly lower among males with the 557XX genotype than males with the 557R allele [15] . The molecular mechanism of the male-specific association remains to be elucidated; however, a similar phenomenon was observed in animal models. Muscle mass decline in older male ACTN-KO mice (same loss-of-function effect as the 557XX genotype), instead of females, was greater compared to wild-type controls (same effects as the 557RR genotype) (−12.2% versus −6.5%) [29] . This greater decline in males may result in greater statistical power and, hence, significant associations in males.
An advantage of the FI is that its validity for adverse outcomes is insensitive to the different number and categories of deficits available in different study designs. The FI-Lab phenotype constructed in the present study includes 23 variables spanning routine laboratory blood tests, including blood cell counts, organ function (i.e. liver function, renal function, thyroid function), glucose and metabolic and inflammatory biomarkers. These variables, similar to variables used in previous studies, mark a more general dysfunction of an individual in the repair or removal of damage through directly related or indirectly related pathways (e.g. muscle problems might impact the heart by diminishing the ability to exercise) [23] [24] [25] [26] . In the present study, we found that the FI-Lab score increased from 0.23 in 557RR carriers to 0.25 in RX carriers and, further, to 0.27 in XX carriers among aged women. This is in the same direction of association as the physical performance traits and suggests that the overall general health of the body is worse among female 557X carriers. The FI-R557X association was not reported previously. For the frailty phenotype, although the prevalence of frailty increased with age, women showed more aged-accumulated deficits than 9.7 ± 3.2 9.8 ± 3.6 9.7 ± 2.5 0.939 11.5 ± 4 11.5 ± 3.5 12.1 ± 3.9 0.640
Data are the means ± SD. Data were analysed by ANOVA. Boldface type indicates a statistically significant difference among R577X genotype groups.
men [21] , and the prevalence of frailty and the mean frailty score were higher among older women than older men [19, 30] . Female gender may interact more with factors such as inflammatory biomarkers to influence frailty levels [31] . Alternatively, ACTN3 R577X alters structural and metabolic properties of the skeletal muscle, which may influence whole-body metabolic status [11] . The associations between the ACTN3 R577X genotype and metabolic biomarkers (e.g. blood glucose [32] ) may be more pronounced in females and contribute to the positive association of R577X with the FILab score in women. However, an association between ACTN3 R577X and the FI-lab score was not found in the oldest old individuals, those aged 80 years and over. The mechanism of the interaction effects of R577X with age on the frailty index is still unclear. In older adults, chronic health conditions are quite common and are heterogeneous. Adding to this scenario, increases in the accumulation of health deficits and disorders are accelerated with age, which was reflected in the quadratic age trajectories of the FI [33] . This heterogeneity may increase the effects of confounding variables [34] and relatively reduce the contribution of R577X variants to frailty in very old adults, those aged 80 years and over.
In this study, we found associations of ACTN3 R577X with muscle function phenotypes and frailty in participants aged 70-79 years but not 80-87 years. Age effects of the ACTN3 genotype on physical performance phenotypes were previously observed in both animal models and population association studies. Chan et al. [35] observed that the differences in twitch and tetanus relaxation time found in young KO mice (same loss-of-function effects as the 577XX genotype) were diminished in aged muscles. Seto et al. [29] reported that the genotype differences observed in young mice for intrinsic exercise performance, fast muscle force generation and muscle mass were lost in aged mice. In population studies, human muscle mass and strength are reduced by up to 50% from 30 to 80 years [35] , which is mainly due to fast muscle fibre atrophy [36] . The turning point in the deterioration of physical function seems to occur between the ages of 70 and 80 years. In particular, muscle strength may decline even more in subjects older than 75 [37, 38] . In 1,367 white older subjects aged 70-79 years in the Health, Aging and Body Composition Study cohort, Delmonico et al. [14] observed that male X-homozygotes had a significantly greater adjusted 5-year increase in their 400-m walk time compared to R-homozygotes and heterozygotes. These studies present evidence that the ACTN3 loss-of-function variant may influence phenotype variations more in populations aged 70-79 years than in those aged 80 years and above. From another perspective, people aged 80 years or more vary immensely in health and functional capabilities [39] , which may confound more of the genotype-phenotype associations and, hence, result in less statistical power to detect associations in this very old age group. For instance, in a case-control study, Leonid et al. [40] have reported a negative association between the ins allele of esv11910 CNV in the CNTNAP2 gene (n = 388; OR = 0.29, 95% CI: 0.14-0.59, P = 0.0004 for males) and healthy aging, which was defined as a group of 81-to 90-year-old community-dwelling Caucasians without chronic diseases compared with a similar control group aged 65-75 years.
The limitations of the present study should be mentioned. Since this is an exploratory study aiming to detect geneticphysical function associations, we did not perform multiple Crude model: unadjusted models, adjusted model: adjusted co-variables for age, height, weight, occupation, education, smoking, drinking and self-related mental health status. Boldface type indicates a statistically significant difference among genotype groups.
testing. The sample group was split into two age groups and then divided by gender, which may have reduced the statistical power. Further, we conducted an association analysis only in older Chinese subjects. This limits the generalisability of our findings to other ethnic populations.
In this study, we found evidence of gender-and agespecific associations of ACTN3 R577X polymorphisms with physical performance phenotypes in older populations. In older populations, evidence regarding genetic influences on functional phenotypes and physical frailty is scarce. Since, genetic influences on the trajectories of functional phenotypes changes with the process of aging (i.e. the genetic component of motor function has increased impact in old age [39] , and the genetic component of frailty is higher among males than females and higher in older subjects [18] ), exploring the effects of genetic variants on these phenotypes among different age and gender groups of older populations is both necessary and important. However, since the measurements of these phenotypes are diverse among studies, more evidence is needed to validate the findings. The molecular mechanisms underlying the associations also need to be explored.
Key points
• We, for the first time, report an association between actinin alpha 3 gene (ACTN3) R577X and frailty index (FI) based on deficits of 23 laboratory tests (FI-Lab) in older women aged 70-79 years.
• We found a gender and age-specific X-additive model of R577X for 5-m walk time, grip strength and Up and Go Test time.
• Actinin alpha 3 gene (ACTN3) 577X is associated with age-/sex-specific declines in physical performance and increased level of frailty in older Chinese.
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